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Farmers engage in activities that result in exposure to diesel ex-
haust, solvents, welding fumes, and other respiratory irritants. Us-
ing the Agricultural Health Study, a cohort of pesticide applicators
in Iowa and North Carolina, we evaluated the odds of wheeze
associated with nonpesticide occupational exposures. We used lo-
gistic regression models controlling for age, state, smoking, and
history of asthma or atopy to evaluate odds of wheeze in the past
year among the 20,898 farmers who provided complete information
on all covariates. Driving diesel tractors was associated with elevated
odds of wheeze (odds ratio � 1.31; 95% confidence interval �

1.13, 1.52); the odds ratio for driving gasoline tractors was 1.11
(95% confidence interval � 1.02, 1.21). A duration–response rela-
tionship was observed for driving diesel tractors but not for driving
gasoline tractors. Activities involving solvent exposure, including
painting and use of solvents for cleaning, were associated with an
increased odds of wheeze in a duration-dependent fashion. The
highest odds of wheeze for farm activities were for daily painting
(odds ratio � 1.82; 95% confidence interval � 0.89, 3.73), an indica-
tion of daily solvent exposure. These results add to the growing
body of evidence of adverse respiratory effects of diesel exposure
on the lung and suggest exposure to solvents may contribute as
well.

Keywords: agriculture; diesel exhaust; occupational cohort; respiratory
symptoms; solvents

Farmers have higher rates of asthma and respiratory symptoms
than do other workers (1–6). Although most of these respiratory
effects have been attributed to animal and grain exposures, farm-
ers are also exposed to a wide array of industrial toxicants be-
cause of their farm activities. Crop production, equipment repair,
maintenance, and transportation represent the bulk of a farmer’s
daily tasks (1, 7, 8). Exposures associated with these tasks include
dusts, welding fumes, diesel and gasoline exhaust, solvents, and
other common industrial exposures that may contribute to respi-
ratory symptoms. The American Thoracic Society document on
respiratory health hazards in agriculture (1) identified the need
to characterize these exposures regarding their impact on the
respiratory health of agricultural workers. To explore the impact
of these occupational activities on respiratory symptoms of farm-
ers, we assessed the odds of wheeze among farmers in the Ag-
ricultural Health Study (AHS), a cohort representing diverse
farming activities in Iowa and North Carolina. We have pre-
viously evaluated the associations between wheeze and occupa-
tional exposures to pesticides and farm animals in this cohort
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(9, 10). Some of the results presented here have been previously
reported in abstract form (11).

METHODS

We conducted this cross-sectional analysis of occupational farming ex-
posures and wheeze among farmers in the AHS (12). Approximately
52,000 farmers enrolled by completing a questionnaire at pesticide
certification; 22,916 participants (44%) returned a more detailed ques-
tionnaire, which included questions regarding wheeze and asthma his-
tory. Applicators who did or did not return the second questionnaire
were similar with regard to demographics, farming practices, and asthma
(13). This analysis was limited to those who returned both question-
naires. The AHS has been approved by institutional review boards at
the National Institutes of Health (Bethesda, MD), University of Iowa
(Iowa City, IA), and Battelle Life Sciences (Columbus, OH).

From the two questionnaires, we obtained information on smoking
history, demographics, and information regarding wheeze and doctor
diagnosis of asthma, eczema, or hay fever, and detailed information
regarding frequency of common farm tasks, types of tractors used, farm
maintenance activities, as well as types of solvents used. The outcome,
wheeze in the past year, was based on the question: “How many epi-
sodes of wheezing or whistling in your chest have you had in the past
12 months?” Any positive response was included in the wheeze group.
Atopy history was defined as a self-report of a doctor diagnosis of
either eczema or hay fever.

We evaluated occupational farming exposures as risk factors for
wheeze using a common logistic regression model controlling for age
in 10-year categories, state, smoking history (current, past, never), his-
tory of asthma and atopy (four levels: asthma and atopy, asthma only,
atopy only, and neither), and an interaction term between current
smoking and asthma. Our analysis focused on whether current farming
activities contributed to wheezing among farmers. Because both asthma
and atopy influenced wheeze independent of exposure, these variables
were included in the base model. We included interaction terms in our
models to assess whether odds of wheeze associated with exposure
differed for asthmatic or atopic individuals. We evaluated farm activities
using both ever/never responses and ordinal frequency variables. For
solvents, we evaluated gasoline and other solvents separately and cre-
ated a combined variable based on the frequency of any solvent expo-
sure. High exposure was defined as daily use of either gasoline or
other solvents or weekly exposure to both gasoline and other solvents;
medium solvent exposure was defined as weekly exposure to gasoline
or other solvents; low exposure was defined as monthly exposure to at
least one solvent. �2 tests for trend were performed using the question-
naire frequency categories or the exposure level for the derived solvent
variable (none, low, medium, high). Because related factors may con-
tribute to wheeze among farmers, we conducted secondary analyses by
including multiple exposures in the same model to assess potential
confounding by correlated farming exposures. We evaluated whether
history of atopy and/or asthma influenced response to exposure by
adding terms for two-way interactions with exposure (e.g., atopy �
exposure) and using likelihood ratio tests. We evaluated whether smok-
ing history influenced response to exposure by including two interaction
terms (current smoking � exposure, past smoking � exposure). All sta-
tistical analysis was conducted using SAS release 8.02 (SAS, Cary, NC).

RESULTS

A total of 20,898 farmers had complete information on all base
model covariates. Respondents were predominantly white males;
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they ranged in age from 16 to 88 years at the time of enrollment
(Table 1). Nineteen percent reported at least one episode of
wheeze in the year before enrollment, whereas only 5% of the
cohort reported a history of asthma. Among the 3,922 individuals
reporting wheeze, 61% reported 1 or 2 episodes in the past year,
16% reported 3–6 episodes, 7% reported 7–12 episodes, and
16% reported more than 12 episodes in the past year. Individuals
with asthma represented 9, 20, 32, and 42% of each wheeze
category, respectively. A majority of participants held a job off
the farm at some point during their lifetime; these individuals
were more likely to report wheezing in the past year than those
who did not have a job off the farm.

Among crop-related activities, hand-picking crops had the
highest odds of wheeze (Table 2). Hand-picking of crops was
associated with lower odds of wheeze among individuals with
asthma (odds ratio [OR] � 0.90; 95% confidence interval [95%
CI] � 0.67, 1.21; pinteraction � 0.03) but increased odds of wheeze
among nonasthmatic individuals (OR � 1.25; 95% CI � 1.14,
1.39). Use of natural fertilizer had elevated odds of wheeze, with
a significant trend of increasing odds of wheeze with increasing
frequency of exposure (Table 3). When natural and chemical
fertilizer use was included in the same model, the OR for natural
fertilizer remained elevated but the OR for chemical fertilizer
did not. Individuals with atopic asthma had higher odds of
wheeze associated with use of natural fertilizer (OR � 1.45; 95%
CI � 1.18, 1.78) than did those with nonatopic asthma (OR �
1.10. 95% CI � 1.01, 1.21; pinteraction � 0.02).

Driving diesel tractors and driving trucks on the farm were
associated with elevated odds of wheeze (ORdiesel � 1.31; 95%
CI � 1.13, 1.52; ORtrucks � 1.20; 95% CI � 1.10, 1.31) and with

TABLE 1. DEMOGRAPHIC, FARM, AND MEDICAL
CHARACTERISTICS OF THE 20,898 FARMERS IN THE
AGRICULTURAL HEALTH STUDY BY WHEEZE STATUS,
1993–1997

Wheeze No Wheeze
(n � 3,922) (n � 16,976)

Age, yr
Mean (SD) 48 (13.3) 49 (13.0)
Median (minimum, maximum) 47 (16, 88) 48 (16, 88)

Race, n (%)*

White 3,831 (98) 16,538 (98)
Other 82 (2) 391 (2)

Sex, n (%)
Female 90 (2) 414 (2)
Male 3,832 (98) 16,562 (98)

State, n (%)
Iowa 2,459 (63) 11,656 (69)
North Carolina 1,463 (37) 5,320 (31)

Education level, n (%)*
� High school 368 (10) 1,394 (8)
Completed high school 1,858 (49) 7,978 (48)
� High school 1,604 (42) 7,261 (44)

Job off the farm 2,672 (69) 10,872 (65)
Smoking status, n (%)

Never 1,711 (44) 9,688 (57)
Past 1,284 (33) 5,502 (32)
Current 927 (24) 1,786 (11)

Asthma–atopy status, n (%)†

Neither 2,725 (69) 15,171 (89)
Asthma only 373 (10) 240 (1)
Atopy only 509 (13) 1,435 (9)
Asthma and atopy 315 (8) 130 (1)

Definition of abbreviation: SD � standard deviation.
* Race and education variables do not sum to total sample size because of

missing data.
† Atopy defined as self-report of hay fever or eczema.

significant duration–response trends. Driving diesel tractors
daily was associated with an odds ratio of 1.38 (95% CI �
1.17, 1.61). No trend was observed with increasing frequency of
driving gasoline tractors (Table 3). When both diesel tractors
and gasoline tractors were included in the same model, the ele-
vated OR for ever driving diesel tractors was unchanged, but
the OR for gasoline tractors was attenuated to 1.08 (95% CI �
0.99, 1.16). In models stratified by reported frequency of wheeze,
we observed elevated odds ratios for daily diesel tractor driving
for the 1 or 2 episodes/year group (OR � 1.36; 95% CI � 1.12,
1.65), 3–6 episodes/year group (OR � 1.19; 95% CI � 0.85,
1.67), 7–12 episodes/year group (OR � 1.26; 95% CI � 0.77,
2.08), and the greater than 12 episodes/year group (OR � 1.59;
95% CI � 1.08, 2.33). No interaction was observed with history
of asthma. In analyses stratified by smoking status, never-
smokers had the highest odds of wheeze associated with driving
diesel tractors (OR � 1.58; 95% CI � 1.31, 1.91), with current
smokers (OR � 1.27; 95% CI � 0.94, 1.74) and past smokers
(OR � 1.08; 95% CI � 0.87, 1.34) having elevated but not
significantly increased odds of wheeze (pinteraction � 0.02). Individu-
als with asthma were more sensitive to driving gasoline tractors
(OR � 1.45; 95% CI � 1.08, 1.94; pinteraction � 0.06), than nonasth-
matic individuals (OR � 1.08; 95% CI � 0.99, 1.20).

Activities involving solvent exposure, including painting and
use of solvents for cleaning, were associated with increased odds
of wheeze in a duration-dependent fashion (Table 3). The highest
odds of wheeze for all farm activities evaluated were associated
with using solvents daily. All metrics of daily solvent exposure
were associated with elevated odds of wheeze: painting (OR �
1.82; 95% CI � 0.89, 3.73), cleaning with gasoline (OR � 1.43;
95% CI � 0.85, 2.41), and cleaning with other solvents (OR �
1.63; 95% CI � 1.09, 2.43). When we combined use of gasoline
and other solvents, individuals reporting a high frequency of use
of either solvent had an odds ratio of 1.71 (95% CI � 1.33, 2.20).
When use of solvents as pesticide additives was included in the
model with ever-use of gasoline and ever-use of other solvents,
the elevation in odds ratios persisted for all solvent variables.
The impact of solvent exposure did not differ by smoking status.
Among individuals with atopy, wheeze was more strongly associ-
ated with using gasoline as a solvent (OR � 1.55; 95% CI �
1.25, 1.93; pinteraction � 0.07) than among nonatopic individuals
(OR � 1.27; 95% CI � 1.15, 1.39).

Repair and maintenance activities were associated with in-
creased odds of wheeze, particularly among respondents re-
porting replacing asbestos brakes (OR � 1.22; 95% CI � 1.10,
1.34) and repairing pesticide equipment (OR � 1.25; 95% CI �
1.15, 1.35). No frequency information was collected for these
activities.

Because of the large number of correlated respiratory toxi-
cants that farmers experience on a regular basis, we constructed
models containing other predictors of respiratory symptoms,
including pesticides, animals, and solvents. The impact of these
additional factors on the odds ratio estimates was minimal for
all exposures evaluated. The frequency of diesel tractor use was
correlated with farm size, but the addition of farm size to the
model with diesel tractor use resulted in an increased odds ratio
for diesel tractors (1.51 versus 1.38). We continued to observe
a significant duration–response trend with frequency of diesel
tractor driving after the addition of other farm-related exposures
into the model (e.g., pesticides, solvents, animals, natural fertil-
izer, and farm tasks). The largest attenuation of the diesel odds
ratio estimates was 3.2% and occurred when raising farm animals
was included in the model for ever-driving diesel tractors; the
odds ratios for the duration–response models changed less than
1%. The odds ratio for driving diesel tractors changed from 1.31
to 1.27 when raising animals was included in the model. No
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TABLE 2. ODDS RATIOS FOR WHEEZE IN THE PAST YEAR AND COMMON FARM ACTIVITIES AMONG FARMERS IN THE
AGRICULTURAL HEALTH STUDY, 1993–1997

Wheeze: No Wheeze:
n � 3,922 n � 16,976 95% Confidence

Farm Activity (% ) (% ) Odds Ratio* Interval p Trend†

Crop activities
Till soil 94 94 1.14 0.97, 1.34 0.0007
Drive combines 79 80 1.13 1.02, 1.26 0.0056
Plant 90 91 1.03 0.91, 1.18 0.3105
Use natural fertilizer 65 65 1.15 1.06, 1.25 � 0.0001
Use chemical fertilizer 82 81 1.04 0.94, 1.14 0.0679
Hand pick 37 30 1.24 1.13, 1.35 0.014

Farm transportation
Drive trucks 69 63 1.20 1.10, 1.31 0.0023
Diesel tractors 87 86 1.31 1.13, 1.52 0.0002
Gas tractors 59 58 1.11 1.02, 1.21 0.44

Maintenance activities
Weld 57 57 1.10 1.01, 1.19 0.027
Repair engines 36 32 1.19 1.11, 1.29 0.0009
Grind metal 60 58 1.20 1.10, 1.30 0.001
Replace asbestos brakes 18 15 1.22 1.10, 1.34 NA‡

Repair pesticide equipment 69 64 1.25 1.15, 1.35 NA
Solvent exposures

Paint 21 18 1.20 1.11, 1.29 � 0.0001
Gasoline to clean 29 24 1.33 1.23, 1.43 � 0.0001
Other solvents to clean§ 21 18 1.16 1.09, 1.28 � 0.0001

* Odds ratios adjusted for age, state, smoking, asthma, atopy, asthma � atopy, and current smoking � asthma.
† �2 test for trend based on questionnaire categories (from three to five levels).
‡ NA � not applicable. Frequency information was not collected.
§ Defined as “other solvents (like paint stripper, turpentine, benzene).”

changes were observed in the odds ratio estimates for solvent
and paint exposure. Because of the low level of confounding by
these additional variables, they were not included in the final
models.

DISCUSSION

Farming is among the occupations most frequently associated
with respiratory morbidity (1). Animals, grains, dusts, and, to
a lesser extent, pesticides have been the potential risk factors
explored by researchers to date. In addition to farmers, painters,
carpenters, welders, metal workers, mechanics, and diesel-
exposed workers have higher rates of asthma and other respira-
tory morbidity and mortality (4, 14–28). Farmers also engage
in tasks common to these other occupational settings, and we
observed that exposures related to these other occupational
groups were associated with wheeze among farmers in the AHS.

Diesel exhaust exposure has been associated with adverse
respiratory effects among workers, although not consistently (26,
28, 29). Gamble and colleagues observed higher rates of wheeze
and other respiratory symptoms among diesel bus mechanics
employed for five or more years compared with other blue collar
workers (28). Bus drivers and mechanics in Croatia had a higher
prevalence of respiratory symptoms compared with control sub-
jects with higher symptom rates among workers exposed 10
years or more (29). Ulvestad and colleagues reported increased
wheeze among diesel-exposed tunnel workers compared with
outdoor heavy construction workers (26). In our analysis, driving
diesel tractors was a consistent and robust predictor of wheeze
among farmers in the AHS cohort, whereas driving gasoline
tractors was not.

Diesel exhaust is a complex mixture of fine particulate, nitro-
gen oxides, and, particularly with farm equipment, sulfur dioxide,
because of the higher amounts of sulfur allowed in diesel fuel
for off-road uses (30). A majority of diesel particulate emissions

are ultrafine particles (� 1 �m) and thus are able to reach the
bronchial and alveolar regions of the lungs (31). Diesel particu-
lates have been demonstrated to enhance the allergenicity of
other agents both in animals and in humans (31–39). Not only
can diesel particles enhance allergenicity, they also act as allergen
carriers (35, 36), thus making allergens more accessible to the
deep lung regions. We attempted to explore the impact of diesel
exhaust and allergens by evaluating the statistical interaction
between diesel tractor driving and use of natural fertilizer, a
source of many allergenic agents. Using this strategy, we did not
find evidence of an interaction between diesel exposure and
natural fertilizer use; however, given that we were able to assess
potential allergen exposure only via a surrogate from the ques-
tionnaire, our data are insufficient to adequately investigate the
interaction between diesel exhaust and allergens.

Painters and other occupational groups exposed to paints
and solvents have been reported to have increased respiratory
morbidity and mortality, although the data on the respiratory
health effects of solvents are limited (4, 15, 17, 21, 22, 40, 41).
Schenker and Jacobs reviewed the solvent and respiratory health
effects literature in 1996 (41). They observed that although the
association between solvents and respiratory symptoms and dis-
ease is biologically plausible given the animal data concerning
effects on both conducting and respiratory airways, the epidemi-
ologic evidence is limited because of poor exposure data. Since
that time, other studies have evaluated the respiratory health
impact of solvents and paints. Painters in some populations (22),
but not all (4), have reported higher rates of bronchial hyperres-
ponsiveness and wheezing. Paint hardeners, particularly isocya-
nates, have been associated with occupational asthma (15, 42,
43). Aircraft maintenance workers exposed to trichloroethylene
and those exposed to other solvents had higher mortality from
asthma than the general population and unexposed workers (44).
Wieslander and colleagues have assessed the impact of water-
based paints and solvent-based paints among house painters in
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TABLE 3. DURATION–RESPONSE MODELS FOR WHEEZE IN THE PAST YEAR AND FERTILIZER, TRACTOR, AND SOLVENT
EXPOSURE AMONG FARMERS IN THE AGRICULTURAL HEALTH STUDY, 1993–1997

Wheeze: No Wheeze:
n � 3,922 n � 16,976 95% Confidence

(% ) (% ) Odds Ratio* Interval

Fertilizer use
Natural fertilizer

Never 35 35 1.00
1–5 d/yr 24 24 1.07 0.97, 1.18
6–25 d/yr 25 25 1.19 1.07, 1.32
26–50 d/yr 9 9 1.27 1.09, 1.47
� 50 d/yr 6 6 1.28 1.08, 1.51

Chemical fertilizer
Never 18 19 1.00
1–5 d/yr 42 45 1.00 0.90, 1.11
6–25 d/yr 35 32 1.09 0.98, 1.21
26–50 d/yr 4 3 1.10 0.89, 1.36
� 50 d/yr 1 0.8 1.09 0.74, 1.60

Tractor driving
Diesel tractors

Never 7 8 1.00
Monthly 7 7 1.23 1.01, 1.50
Weekly 44 44 1.29 1.11, 1.51
Daily 42 41 1.38 1.17, 1.61

Gasoline tractors
Never 29 29 1.00
Monthly 25 23 1.15 1.04, 1.28
Weekly 35 35 1.12 1.02, 1.24
Daily 11 12 0.99 0.86, 1.13

Solvents
Paint

Never 58 61 1.00
Monthly 40 37 1.18 1.09, 1.28
Weekly 3 2 1.41 1.10, 1.81
Daily 0.3 0.2 1.82 0.89, 3.73

Gasoline to clean
Never 57 63 1.00
Monthly 36 31 1.32 1.21, 1.43
Weekly 7 6 1.39 1.20, 1.61
Daily 0.6 0.4 1.43 0.85, 2.41

Other solvents to clean
Never 71 75 1.00
Monthly 23 21 1.14 1.04, 1.24
Weekly 4 3 1.39 1.15, 1.68
Daily 1.0 0.6 1.63 1.09, 2.43

Both gasoline and solvents to clean†

Never 46 51 1.00
Low 43 39 1.26 1.16, 1.36
Medium 9 8 1.37 1.19, 1.57
High 3 2 1.71 1.33, 2.20

* Odds ratios adjusted for age, state, smoking, asthma, atopy, asthma � atopy, and current smoking � asthma.
† Intensity based on frequency of gasoline and solvent use (low � monthly for one or both; medium � at least weekly for one; high � daily for at least one, or

weekly for both).

Sweden (45). The authors observed less airway irritation among
painters using water-based paints exclusively, but indicated that
both types of paints contributed to volatile organic chemical
exposure and that self-selection as to chemicals used was oc-
curring. In an analysis of work-related wheezing and occupa-
tional asthma among U.S. workers, Arif and colleagues identified
a higher prevalence of work-related wheezing associated with
equipment cleaners, an occupational group likely to be exposed
to solvents and other degreasing agents (46). In our sample we
have limited information regarding the type of paint or solvent
used and the types of processes used, and thus we are restricted
in our ability to identify potential etiologic agents. Both using
gasoline and using other solvents were associated with increased
odds of wheeze in a duration-dependent manner. Use of solvents
as pesticide additives was independently associated with in-
creased odds of wheeze (9).

Farmers are generally healthier and smoke less than the gen-
eral population (47), and yet they have higher rates of respiratory
symptoms (1). Because particular exposures on farms may trig-
ger respiratory symptoms, farmers may change their behaviors
to prevent respiratory responses. Danish pig farmers (48) and
grain processing workers (49) with respiratory symptoms were
more likely to leave the industry than those without symptoms.
Finnish farmers with farmer’s lung and chronic bronchitis re-
ported decreasing or eliminating their farm activities more often
than other farmers (50). In a metaanalysis of longitudinal occupa-
tional studies of lung function, Radon and coworkers observed
that individuals with chronic bronchitis at enrollment were more
likely to leave their occupational cohort than were other mem-
bers and, thus, estimates for respiratory disease and symptoms
may be underestimated (51). Our cross-sectional analyses may
be influenced by behavioral changes in response to exposure;
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however, we have limited data to assess whether our results are
influenced by the healthy worker effect. We observed higher
odds of wheeze among farmers with asthma driving gasoline
tractors, which may be due to less diesel tractor driving among
sensitive individuals with asthma, because tractor use is a critical
component of farming. Although individuals with asthma have
higher rates of wheeze, when we excluded them from the analysis
we continued to observe the same pattern of elevated odds ratios
for farm exposures. Among farmers with atopic asthma, there
was no evidence of exposure avoidance when working with natu-
ral fertilizer or gasoline as a solvent as both interactions sug-
gested increased wheeze among individuals with atopic asthma.

Wheeze is just one of a constellation of common respiratory
symptoms, including cough, phlegm, and shortness of breath.
Wheeze is a common and characteristic symptom of asthma,
associated with reversible bronchoconstriction. We used one
question on wheeze to assign outcome; we did not collect infor-
mation on other respiratory symptoms in the past year. We chose
to collapse the episodes of wheeze into one variable to generate
results comparable to others in the literature. Self-administered
questionnaires have been demonstrated to be reliable and repro-
ducible regarding respiratory symptoms, particularly wheeze,
and doctor diagnosis of asthma (52, 53). Most other large studies
of occupational groups have been conducted in a similar manner
(17, 45, 54); however, these studies, unlike the AHS, were pri-
marily focused on respiratory symptoms and have more detailed
information regarding symptom severity and medication use.
Farmers have been demonstrated to provide good information
regarding their occupational history, particularly use of pesti-
cides (55). Among AHS participants, good reproducibility and
reliability of the self-reported information have been described
(56, 57). Compared with other respiratory studies of farmers or
mixed occupational groups, our study was much larger, had much
more detailed information regarding a wide variety of exposures,
and, consequently, provided the ability to make comparisons
across heterogeneous exposures.

Our cross-sectional analysis addressed occupational expo-
sures among farmers that have frequently been overlooked. Be-
cause a number of agents on farms may contribute to respiratory
symptoms, we attempted to control for these in our analysis by
including all potential agents (pesticides, animals, solvents) in
our models. Addition of these variables did not the alter odds
ratio estimates. However, given that this analysis relied on cross-
sectional data, we have no information regarding the temporal
sequence between exposure and wheeze. We do know that expo-
sure and wheeze occurred within the same year. Other analyses
have considered work-related symptoms (45, 54); however, be-
cause farmers frequently live where they work, this distinction
may not be relevant for farmers.

The Agricultural Health Study provides a unique opportunity
to explore the agricultural factors that may contribute to respira-
tory morbidity among farmers. In the current analysis, we were
able to explore the association with wheeze not only of routine
agricultural tasks, such as tractor driving, but also of common
occupational activities, such as painting and welding. Because
of the large sample size we were able to discriminate between
common tasks, such as driving diesel versus gasoline tractors.
The dose response with driving diesel but not gasoline tractors,
and the fact that the association with diesel tractors remained
after controlling for driving gasoline tractors but not the con-
verse, supports a role for diesel exhaust exposure rather than
some exposure common to both types of tractor driving, such
as dust exposure. However, among farmers with asthma, driving
gasoline tractors was also associated with increased risk of
wheeze, which could be due to gasoline exhaust, per se, or to
increased susceptibility to other factors associated with driving

tractors. Similarly, the observed risk for use of natural fertilizer,
but not of chemical fertilizer, suggests that some aspect of natural
fertilizer, such as allergens or endotoxins, that is not present
in chemical fertilizer may contribute to wheeze risk. Although
wheeze is a common respiratory symptom and there is a litera-
ture to support the independent predictors identified in this
cross-sectional analysis, there may be some underlying factor
among farmers who wheeze that may explain our results. Longi-
tudinal analyses will allow better resolution of the risk factors
for respiratory health effects among farmers.

Farmers are exposed to a wide array of potential respiratory
toxicants during their farming activities. In this analysis we focused
on common occupational exposures frequently overlooked in re-
spiratory disease studies of farmers. Further evaluation of common
occupational farming exposures may allow integration of the respi-
ratory morbidity results of studies across regions with different
farm products. As diesel tractors are a major component of most
farming activities, further investigation of the respiratory health
risks is warranted.

Conflict of Interest Statement : J.A.H. does not have a financial relationship with
a commercial entity that has an interest in the subject of this manuscript; D.M.U.
does not have a financial relationship with a commercial entity that has an interest
in the subject of this manuscript; S.J.L. does not have a financial relationship with
a commercial entity that has an interest in the subject of this manuscript; M.C.R.A.
does not have a financial relationship with a commercial entity that has an interest
in the subject of this manuscript; D.P.S. does not have a financial relationship
with a commercial entity that has an interest in the subject of this manuscript.

Acknowledgment : The authors thank Stuart Long for data analysis and Donna
Baird for questionnaire development. This work could not have been completed
without the hard work of the AHS coordinating center and the Iowa and North
Carolina Field Stations and their project staff, Ellen Heywood, Stanley Legum,
Nyla Logsden-Sackett, Chuck Lynch, Joy Pierce, Charles Knott, and Margaret
Pennybacker.

References

1. Schenker MB, Christiani D, Cormier Y, Dimich-Ward H, Doekes G,
Dosman J, Douwes J, Dowling K, Enarson D, Green F, et al. Respira-
tory health hazards in agriculture. Am J Respir Crit Care Med 1998;
158:S1–S76.

2. Schenker M, Ferguson T, Gamsky T. Respiratory risks associated with
agriculture: state of the art review. Occup Med 1991;6:415–428.

3. Karjalainen A, Kurppa K, Virtanen S, Keskinen H, Nordman H. Inci-
dence of occupational asthma by occupation and industry in Finland.
Am J Ind Med 2000;37:451–458.

4. Fishwick D, Pearce N, D’Souza W, Lewis S, Town I, Armstrong R,
Kogevinas M, Crane J. Occupational asthma in New Zealanders: a
population based study. Occup Environ Med 1997;54:301–306.

5. Dosman JA, Graham BL, Hall D, Vanloon P, Bhasin P, Froh F. Respira-
tory symptoms and pulmonary function in farmers. J Occup Environ
Med 1987;29:38–43.

6. Toren K, Horte LG, Jarvholm B. Occupation and smoking adjusted
mortality due to asthma among Swedish men. Br J Ind Med 1991;48:
323–326.

7. Coble J, Hoppin JA, Engel L, Elci OC, Dosemeci M, Lynch CF, Alavanja
M. Prevalence of exposure to solvents, metals, grain dust, and other
hazards among farmers in the Agricultural Health Study. J Expo Anal
Environ Epidemiol 2002;12:418–426.

8. Shaver C, Tong T. Chemical hazards to agricultural workers. Occup Med
1991;6:391–413.

9. Hoppin JA, Umbach DM, London SJ, Alavanja MCR, Sandler DP.
Chemical predictors of wheeze among farmer pesticide applicators in
the agricultural health study. Am J Respir Crit Care Med 2002;165:683–
689.

10. Hoppin JA, Umbach DM, London SJ, Alavanja MCR, Sandler DP.
Animal production and wheeze in the Agricultural Health Study:
interactions with atopy, asthma, and smoking. Occup Environ Med
2003;60:3e.

11. Hoppin JA, Umbach DM, London SJ, Alavanja MCR, Sandler DP.
Diesel exhaust and solvents are risk factors for wheeze among farmers
in the Agricultural Health Study [abstract]. Am J Respir Crit Care
Med 2003;167(7):A716.

12. Alavanja MC, Sandler DP, McMaster SB, Zahm SH, McDonnell CJ,
Lynch CF, Pennybacker M, Rothman N, Dosemeci M, Bond AE,



Hoppin, Umbach, London, et al.: Farming Exposures and Wheeze 1313

et al. The Agricultural Health Study. Environ Health Perspect 1996;
104:362–369.

13. Tarone RE, Alavanja MC, Zahm SH, Lubin JH, Sandler DP, McMaster
SB, Rothman N, Blair A. The Agricultural Health Study: factors affect-
ing completion and return of self-administered questionnaires in a
large prospective cohort study of pesticide applicators. Am J Ind Med
1997;31:233–242.

14. Kossmann S, Konieczny B, Hoffmann A. The role of respiratory muscles
in the impairment of the respiratory system function in the workers
of a chemical plant division producing pesticides. Przegl Lek 1997;54:
702–706.

15. Toren K, Jarvholm B, Brisman J, Hagberg S, Hermansson BA, Lillien-
berg L. Adult-onset asthma and occupational exposures. Scand J Work
Environ Health 1999;25:430–435.

16. Meredith S, Nordman H. Occupational asthma: measures of frequency
from four countries. Thorax 1996;51:435–440.

17. Heederik D, Pouwels H, Kromhout H, Kromhout D. Chronic non-specific
lung disease and occupational exposures estimated by means of a job
exposure matrix: the Zutphen Study. Int J Epidemiol 1989;18:382–389.

18. Beach JR, Dennis JH, Avery AJ, Bromly CL, Ward RJ, Walters EH,
Stenton SC, Hendrick DJ. An epidemiologic investigation of asthma
in welders. Am J Respir Crit Care Med 1996;154:1394–1400.

19. Lipscomb HJ, Dement JM. Respiratory diseases among union carpenters:
cohort and case-control analyses. Am J Ind Med 1998;33:131–150.

20. Karjalainen A, Kurppa K, Martikainen R, Karjalainen J, Klaukka T.
Exploration of asthma risk by occupation: extended analysis of an
incidence study of the Finnish population. Scand J Work Environ
Health 2002;28:49–57.

21. Kogevinas M, Anto JM, Soriano JB, Tobias A, Burney P, Martinez
Moratalla J, Almar E, Aguilar X, Arevalo M, Mateos M, et al. The
risk of asthma attributable to occupational exposures: population-
based study in Spain. Am J Respir Crit Care Med 1996;154:137–143.

22. Kogevinas M, Anto JM, Sunyer J, Tobias A, Kromhout H, Burney P.
Occupational asthma in Europe and other industrialised areas: a
population-based study. Lancet 1999;353:1750–1754.

23. Toren K, Horte LG. Asthma mortality and occupation in Sweden 1981–
1992. Am J Ind Med 1997;31:678–681.

24. Ng TP, Hong CY, Goh LG, Wong ML, Koh KTC, Ling SL. Risks of
asthma associated with occupations in a community-based case-control
study. Am J Ind Med 1994;25:709–718.

25. Nathell L, Malmberg P, Lundback B, Nygren A. Impact of occupation
on respiratory disease. Scand J Work Environ Health 2000;26:382–389.

26. Ulvestad B, Bakke B, Melbostad E, Fuglerud P, Kongerud J, Lund MB.
Increased risk of obstructive pulmonary disease in tunnel workers.
Thorax 2000;55:277–282.

27. Zuskin E, Mustajbegovic J, Schachter EN, Kern J, Rienzi N, Goswami
S, Marom Z, Maayani S. Respiratory function in poultry workers and
pharmacologic characterization of poultry dust extract. Environ Res
1995;70:11–19.

28. Gamble J, Jones W, Minshall S. Epidemiological–environmental study
of diesel bus garage workers: chronic effects of diesel exhaust on the
respiratory system. Environ Res 1987;44:6–17.

29. Zuskin E, Mustajbegovic J, Schachter EN. Respiratory symptoms and
lung function in bus drivers and mechanics. Am J Ind Med 1994;26:771–
783.

30. U.S. Environmental Protection Agency, Office of Research and Develop-
ment, National Center for Environmental Assessment. Health assess-
ment document for diesel engine exhaust. Washington, DC: U.S.
Government Printing Office; 2002. EPA/600/8-90/057F.

31. von Mutius E. The environmental predictors of allergic disease. J Allergy
Clin Immunol 2000;105:9–19.

32. Diaz-Sanchez D, Penichet-Garcia M, Saxon A. Diesel exhaust particles
directly induce activated mast cells to degranulate and increase hista-
mine levels and symptom severity. J Allergy Clin Immunol 2000;106:
1140–1146.

33. Heo Y, Saxon A, Hankinson O. Effect of diesel exhaust particles and
their components on the allergen-specific IgE and IgG1 response in
mice. Toxicology 2001;159:143–158.

34. Hauser R, Rice TM, Krishna Murthy GG, Wand MP, Lewis D, Bledsoe
T, Paulauskis J. The upper airway response to pollen is enhanced
by exposure to combustion particulates: a pilot human experimental
challenge study. Environ Health Perspect 2003;111:472–477.

35. Knox RB, Suphioglu C, Taylor P, Desai R, Watson HC, Peng JL, Bursill
LA. Major grass pollen allergen Lol p 1 binds to diesel exhaust parti-
cles: implications for asthma and air pollution. Clin Exp Allergy 1997;
27:246–251.

36. Ormstad H, Johansen BV, Gaarder PI. Airborne house dust particles
and diesel exhaust particles as allergen carriers. Clin Exp Allergy
1998;28:702–708.

37. Kobayashi T. Exposure to diesel exhaust aggravates nasal allergic reac-
tion in guinea pigs. Am J Respir Crit Care Med 2000;162:352–356.

38. Kobayashi T, Ikeue T, Ito T, Ikeda A, Murakami M, Kato A, Maejima
K, Nakajima T, Suzuki T. Short-term exposure to diesel exhaust in-
duces nasal mucosal hyperresponsiveness to histamine in guinea pigs.
Fundam Appl Toxicol 1997;38:166–172.

39. Hashimoto K, Ishii Y, Uchida Y, Kimura T, Masuyama K, Morishima
Y, Hirano K, Nomura A, Sakamoto T, Takano H, et al. Exposure to
diesel exhaust exacerbates allergen-induced airway responses in
guinea pigs. Am J Respir Crit Care Med 2001;164:1957–1963.

40. Cullinan P, Taylor AJN. Aetiology of occupational asthma. Clin Exp
Allergy 1997;27:41–46.

41. Schenker MB, Jacobs JA. Respiratory effects of organic solvent exposure.
Tuber Lung Dis 1996;77:4–18.

42. Akbar-Khanzadeh F, Rivas RD. Exposure to isocyanates and organic
solvents, and pulmonary-function changes in workers in a polyure-
thane molding process. J Occup Environ Med 1996;38:1205–1212.

43. Mapp CE. Agents, old and new, causing occupational asthma. Occup
Environ Med 2001;58:354–360.

44. Blair A, Hartge P, Stewart PA, McAdams M, Lubin J. Mortality and
cancer incidence of aircraft maintenance workers exposed to trichloro-
ethylene and other organic solvents and chemicals: extended follow
up. Occup Environ Med 1998;55:161–171.

45. Wieslander G, Norback D, Edling C. Airway symptoms among house
painters in relation to exposure to volatile organic compounds
(VOCS): a longitudinal study. Ann Occup Hyg 1997;41:155–166.

46. Arif AA, Delclos GL, Whitehead LW, Tortolero SR, Lee ES. Occupa-
tional exposures associated with work-related asthma and work-
related wheezing among US workers. Am J Ind Med 2003;44:368–376.

47. Blair A, Malker H, Cantor KP, Burmeister L, Wiklund K. Cancer among
farmers: a review. Scand J Work Environ Health 1985;11:397–407.

48. Vogelzang PF, van der Gulden JW, Tielen MJ, Folgering H, van Schayck
CP. Health-based selection for asthma, but not for chronic bronchitis,
in pig farmers: an evidence-based hypothesis. Eur Respir J 1999;13:
187–189.

49. Post W, Heederik D, Houba R. Decline in lung function related to
exposure and selection processes among workers in the grain pro-
cessing and animal feed industry. Occup Environ Med 1998;55:349–355.

50. Tupi K, Vohlonen I, Terho EO, Husman K. Effects of respiratory morbid-
ity on occupational activity among farmers. Eur J Respir Dis Suppl
1987;152:206–211.

51. Radon K, Goldberg M, Becklake M. Healthy worker effect in cohort
studies on chronic bronchitis. Scand J Work Environ Health 2002;28:
328–332.

52. Burney PG, Laitinen LA, Perdrizet S, Huckauf H, Tattersfield AE, Chinn
S, Poisson N, Heeren A, Britton JR, Jones T. Validity and repeatability
of the IUATLD (1984) Bronchial Symptoms Questionnaire: an inter-
national comparison. Eur Respir J 1989;2:940–945.

53. Jenkins MA, Clarke JR, Carlin JB, Robertson CF, Hopper JL, Dalton
MF, Holst DP, Choi K, Giles GG. Validation of questionnaire and
bronchial hyperresponsiveness against respiratory physician assess-
ment in the diagnosis of asthma. Int J Epidemiol 1996;25:609–616.

54. Kimbell-Dunn MR. Work-related respiratory symptoms in New Zealand
farmers. Am J Ind Med 2001;39:292–300.

55. Blair A, Zahm SH. Patterns of pesticide use among farmers: implications
for epidemiologic research. Epidemiology 1993;4:55–62.

56. Blair A, Tarone RE, Sandler D, Lynch CF, Rowland A, Wintersteen W,
Steen WC, Samanic C, Dosemeci M, Alavanja MCR. Reliability of
reporting on lifestyle and agricultural factors by a sample of partici-
pants in the Agricultural Health Study from Iowa. Epidemiology
2002;13:94–99.

57. Hoppin JA, Yucel F, Dosemeci M, Sandler DP. Accuracy of self-reported
pesticide use duration information from licensed pesticide applicators
in the Agricultural Health Study. J Expo Anal Environ Epidemiol
2002;12:313–318.


